In 1957, Forster, Roughton, and their associates reported a method of estimating pulmonary capillary blood volume (Vc) and diffusing capacity of the alveolar-capillary membrane (DM) by measuring the diffusing capacity of the lung for carbon monoxide (DL) at varying levels of alveolar oxygen tension (1, 2).1 Since then there hlave been a number of reports on the behavior of membrane diffusion and pulmonary capillary blood volume under physiological and pharmacological stresses (3-7) and in certain disease states (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) .
In 1957, Forster, Roughton, and their associates reported a method of estimating pulmonary capillary blood volume (Vc) and diffusing capacity of the alveolar-capillary membrane (DM) by measuring the diffusing capacity of the lung for carbon monoxide (DL) at varying levels of alveolar oxygen tension (1, 2).1 Since then there hlave been a number of reports on the behavior of membrane diffusion and pulmonary capillary blood volume under physiological and pharmacological stresses (3) (4) (5) (6) (7) and in certain disease states (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) .
The purpose of this study was to measure the pulmonary capillary blood volume in normal subjects and in patients with mitral valve disease and to relate the findings to intravascular pressure and flows^data obtained by cardiac catheterization.
Most of the studies relating membrane diffusion and pulmonary capillary blood volume to hemodynamic data (5, 10, 11) have used a breath-holding method of estimating diffusing capacity of carbon monoxide (18) . The physiological situation within the pulmonary circulation during the breath-holding maneuver differs from that in the resting steady state. For this reason, the steadystate method described in this report was designed to measure Vc so that the volume of blood in the pulmonary capillary bed could be compared with the pressure and flow relationships under the same physiological conditions. 1 The symbols DL, DM, and Vc, used in the original report (2) and in nearly all subsequent reports on this topic, have been retained here.
Methods
Two groups were studied: 1) The control group consisted of 18 normal subjects, nine of whom were laboratory personnel with no evidence of cardiorespiratory disease; nine were patients with systolic murmurs in whom no other abnormality was detected by physical examination, ECG, and chest X ray, or at cardiac catheterization.
2) The abnormal group comprised 18 patients with mitral valve disease, 15 of whom had pure mitral stenosis and three who had dominant mitral incompetence.
Cardiac catheterization was performed by standard procedures (19) in the 18 patients with mitral valve disease and in the nine normal subjects who had systolic murmurs. In the normal subjects, catheterization of the right heart only was performed, and pulmonary arterial wedge pressure was obtained as an estimate of left atrial pressure. Left heart catheterization was also performed in all the patients with mitral valve disease, by the transeptal approach (20) , and left atrial pressure was recorded directly. Cardiac output was measured by indicator dilution techniques (21) ; injections of cardiogreen dye were made into the pulmonary artery or left atrium, and dilution curves were recorded from a peripheral artery with a Gilford densitometer. Arterial oxygen saturation was estimated by the spectrophotometric method of Roos and Rich, which is accurate to within 1% in this laboratory (22) .2 Before catheterization, all subjects were premedicated with omnoponscopolamine (Papaveretum, B.P.C., with hyoscine hydrobromide).
DL was determined by a modification of the steadystate technique described by Bates, Boucot, and Dormer (23) . The apparatus consisted of a mouthpiece with unidirectional valves to which was attached a Rahn-Otis type of end-tidal sampler (24),3 which extracts 30 to 40 ml of gas from the end of each expiration just beyond the expiratory valve. The inspiratory side of the mouthpiece was attached through 1-inch i.d. plain rubber tubing to a Tissot 120-L spirometer. A pen was attached to the sliding scale of the spirometer and ventilation (inspired) recorded directly on a motor-driven kymograph.
Subjects were studied at rest in the recumbent position. A Riley needle was placed in a brachial artery, and after a period of at least 15 minutes, the subject was connected to the mouthpiece and breathed 100% oxygen for 4 minutes. At the end of 4 minutes he was switched into the Tissot spirometer, containing a mixture of 0.3% carbon monoxide in oxygen, and he continued to breathe this mixture for a further 4 minutes. Rubber bags placed to collect mixed expired and end-tidal gas were flushed during the first 2 minutes of CO breathing; during the last 2 minutes, mixed expired and end-tidal gas was collected, and an 8-ml sample of blood was withdrawn into a heparinized syringe at a rate of 4 ml per minute.
The subject was then disconnected from the respiratory circuit for at least 10 minutes. The mixture in the spirometer was changed to 0.1% carbon monoxide in air and the same procedure repeated except that during the preliminary breathing period, before being switched into the Tissot spirometer, he breathed room air instead of oxygen. The record of ventilation was monitored during this second period of breathing the CO mixture, and the subject was instructed throughout to adjust his rate and depth of breathing to reproduce as closely as possible the tidal volume and minute ventilation of the first determination. No subject was included in this study who was unable to reproduce the tidal volume and minute ventilation to within 20% during the two estimations.
Except that no premedication was given, diffusion studies were done under the same conditions as cardiac catheterization studies. The two studies were performed during the same admission to hospital and no more than 4 days apart.
Gas and blood samples were analyzed for carbon monoxide, oxygen, and nitrogen with a Beckman GC2 gas chromatograph. Helium was used as the carrier gas, and 02, N2, and CO were separated by passing through a Linde 5A molecular sieve column at 1000 C. The output from the thermal conductivity detector was amplified and recorded on a potentiometric recorder. 4 For analysis of carbon monoxide in gas samples, a 5-ml sample of dry gas was introduced into the carrier gas stream. Over the range of CO concentration required, 0 to 0.4%, peak output is linearly related to concentration. With this size sample, peak outputs for 02 and N2 are not linearly related to concentration, but the areas under the recorded peaks are. Although a mechanical disc integrator can be used to measure and record these areas during the analysis, it was found to be more satisfactory to introduce another much smaller sample of each gas for the analysis of 02 and N2.
For this purpose, volumes of 0.1 ml and 0.05 ml were used, and with these volumes peak height was linearly related to concentration over a range of 0 to 100% for both 02 and N2. The record was calibrated by intro- 4 Honeywell Controls Ltd., Newhouse, Lanarkshire, Scotland.
ducing the same volumes of standard dry gas mixtures with known concentrations of 02, N2, and CO.
Blood gases were extracted under vacuum in a Van Slyke extraction chamber, with a standard potassium ferricyanide reagent to liberate 02 and CO. The extracted gases were injected through a side-arm into the carrier gas line and recorded in the same way. Calibration was obtained by injecting an accurately measured volume of pure 02, N2, or CO into the carrier gas stream at the same point, and results of blood gas analyses were expressed at STPD (standard temperature, pressure, dry). Carbon dioxide and water were absorbed with a sodium hydrate asbestos absorber (Ascarite 5) and anhydrous magnesium perchlorate (Dehydrite 5) after being injected into the carrier gas stream but before entering the molecular sieve column. The standard deviation of repeated measurements of all these gases in gas samples was under ± 1% over the range of concentrations required in these studies, and that of blood samples was less than ± 2% of the mean values.
DL was computed for each of the two 2-minute periods during which the measurements were made, by following the methods discussed by Forster and associates (1) and Bates and associates (23) .
Mean pulmonary capillary plasma CO tension was calculated by rearranging the Haldane equation assuming that carboxyhemoglobin (COHb) saturation in arterial blood is representative of that in pulmonary capillary blood, according to the method described by Forster and associates (1). The COHb saturation was CO content divided by CO capacity expressed as a percentage; CO capacity was derived from 02 capacity and CO content of the same blood sample.
Values for DM and Vc were obtained by graphic solution of the equation 1/DL = 1/DM + 1/9Vc for the two determinations of DL at different alveolar oxygen tensions. The values of 0, the reaction rate between CO and Hb, used were obtained from the data of Roughton, Forster, and their co-workers (2, 25, 26) , assuming a ratio of membrane to interior of the red cell permeability of 2.5. Values of 0 were corrected for the CO capacity of each individual.
In the first measurement of DL, samples of end-tidal air were collected during the minutes 7 and 8 of breathing oxygen-4 minutes of 100% 02 and 4 minutes of 0.3% CO in 02. The concentration of nitrogen in the end-tidal air is therefore comparable to the concentration of nitrogen sampled at the mouth after 7 minutes in the standard nitrogen washout test and provides an index of the distribution of ventilation (27) Table II . Figure 2 shows a comparison between normal subjects and patients with mitral valve disease for DL, DM, and Vc. In patients with mitral valve disease, the reduction in mean total diffusing capacity of the lungs as compared with normal is highly significant (p < 0.001), and the reduction in mean membrane diffusing capacity is also highly significant (p < 0.001). There is, how- 
FIG. 2. COMPARISON OF VALUES FOUND FOR DL AND DM, IN MILLILITERS CO PER MINUTE PER MILLIMETER HG PER SQUARE METER AND VC IN MILLI-LITERS PER SQUARE METER BETWEEN NORMAL SUBJECTS AND PATIENTS WITH MITRAL VALVE DISEASE (MVD)
. There is a highly significant difference in both DL and DM between the two groups (p <0.001 in both cases), but there is no significant difference in Vc (0.10 > p > 0.05). Solid and broken lines represent the mean ± SD within each group. ever, no significant difference in the mean values of pulmonary capillary blood volume in the two groups (0.10 > p > 0.05). There is also a significant difference in Rm/Rc ratios between the two groups (p < 0.01).
The results on 27 subjects (nine normal and 18 patients with mitral valve disease), in whom hemodynamic data were obtained, were analyzed for correlations between pulmonary capillary blood volume and the following hemodynamic variables: cardiac index, stroke volume, mean pulmonary arterial pressure, mean left atrial pressure, and pulmonary vascular resistance.
There was a probably significant correlation between Vc and cardiac index (r = + 0.382, p < 0.05) but no correlation between Vc and stroke volume (r = + 0.257, 0.20 > p > 0.10) ( Figure   3 ). There was a highly significant negative cor- relation between Vc and mean pulmonary arterial pressure (r = -0.658, p < 0.001) (Figure 4) . There was also a significant negative correlation between Vc and mean left atrial pressure (r =-0.586, p <0.01) ( Figure 5 ).
The relationship between Vc and pulmonary vascular resistance is shown in Figure 6 . There is a highly significant negative correlation between Vc and pulmonary vascular resistance (r =-0.647, p < 0.001).
If the normal subjects are omitted from this Nonuniform distribution of Vc with respect to alveolar ventilation may result in errors in the estimates of DL, DM, and Vc, and there is evidence that capillary blood flow and volume may be nonuniformly distributed in mitral valve disease with severe pulmonary hypertension (31) (32) (33) . Studies with 015 indicate that in the erect normal subject blood flow through the lower lung zones is greater than through the upper zone, and the distribution of blood flow becomes more uniform in the supine position (34) . In patients with mitral stenosis, this difference in the distribution of blood flow between upper and lower zones may be abolished in the erect posture and, in the presence of severe pulmonary vascular disease, may even be reversed (32) . Clearance of radioactively labeled CO and 02 has been used as an index of blood flow but must depend to some extent on capillary blood volume, since the uptake of CO is wholly diffusion limited and that of O., partly so. These clearance studies indicate that perfusion of the upper lobes in mitral stenosis may be as much as three times that of the lower lobes in the presence of severe pulmonary vascular disease. According to data derived from a theoretical two-compartment lung model (35) , nonuniform distribution of Vc will result in an underestimate of Vc. It is therefore possible that a systematically increasing underestimate of Vc with increasingly severe pulmonary hypertension is responsible for the negative correlations found here between Vc and intravascular pressures and resistance. However, this would require a ratio of distribution of Vc between upper and lower zones considerably higher than those suggested by the radioactive clearance studies (32) ; it seems unlikely that this source of error is of sufficient magnitude to explain the relationships found.
The assumption that neither D-i nor Vc changes under the influence of high oxygen tension has been discussed in detail by Forster and associates (1) and by Lewis, Lin, Noe, and Komisaruk (3) . If 100% oxygen produces any change either in the over-all pulmonary capillary blood volume or in the distribution of Vc with respect to alveolar ventilation in patients with mitral valve disease, errors in the estimation of Vc will result. If the capillary bed enlarges. or becomes more uniformly distributed, under the influence of 100%o oxygen, then an overestimate of Vc will result; if the capillary bed constricts or becomes more unevenly distributed, Vc will be underestimated. The extent or direction of this possible source of error cannot be predicted on the present information.
The finding that DL is commonly, although not invariably, reduced in mitral valve disease is well known (9, 10, 16, 17, (36) (37) (38) (39) . The significant reduction in mean DL in this group of patients with mitral valve disease is due mainly to a reduction in membrane diffusion; in the majority of patients, Vc was within normal limits, which agrees with the recent findings of Daly, Giamm-nona, Ross, and Feigenbaum (17) . The mean age of the normal group was 29 years and of the group with mitral valve disease, 41 years; although there is some disagreement about the influence of age on pulmonary diffusing capacity. some workers have reported a mean reduction in steady-state DL of about 20% over this age range (9, 40) . Thus this age difference may have contributed in part to the reduction in DL, but would not explain the 50% reduction in DL and DM found here. A normal Vc, reduced DMt, and increased Rm/Rc ratio in patients with mitral valve disease can be explained on either of two anatomical concepts. The membrane may be thickened without change in the dimensions of the capillary lumina; alternatively, there could be destruction of some capillaries with dilatation of the remainder so that the total volume of blood in the capillary bed remains normal but DNi is reduced from disproportionate reduction in surface area. A combination of these two effects is probably the correct explanation (41) .
A close relationship between Vc and pulmonary blood flow has been demonstrated in normal subjects (5) and in patients with left to right shunts (42) . In the group analyzed here (Figure 3) there was a poor but probably significant correlation between Vc and cardiac output. There was no correlation between Vc and stroke volume. Studies of total pulmonary blood volume in mitral valve disease (43) have demonstrated that pulmonary blood volume is positively related to cardiac output and more closely to stroke volume. The pulmonary capillary bed in mitral valve disease probably is at or near maximal distension anyway and is less able to respond to changes in total or pulsatile input into the system. The volume of a passive vascular bed should increase with rise in intravascular pressure (44) , and this is the known behavior of the normal pulmonary capillary bed (3, 4, 6, 7, 45 (47) found that total pulmonary blood volume in rheumatic heart disease was positively related to left atrial pressure but was not related to pulmonary arterial pressure. The difference in these pressure-volume relationships of the pulmonary vascular bed as a whole compared with the capillary bed suggests that the changes in total pulmonary blood volume with left atrial pressure rise are determined largely by changes in the venous compartment. These latter workers also found a negative correlation between pulmonary blood volume and pulmonary vascular resistance similar to the present relationship between Vc and resistance. In fact, the changes in Vc recorded here would in themselves be associated with a significant rise in total pulmonary vascular resistance.
The regression line in Figure 6 shows that for a mean rise in pulmonary vascular resistance from 5 to In the normal subjects, mean values + SD were for pulmonary diffusing capacity, 15.0 ± 2.5 ml CO per minute per mm Hg per m2 BSA; for membrane diffusing capacity, 30 ± 10.4 ml CO per minute per mm Hg per m2 BSA; and for pulmonary capillary blood volume, 52 ± 14.9 ml per m2 BSA.
The mean value for pulmonary diffusing capacity in patients with mitral valve disease was significantly lower than normal, due mainly to impairment of membrane diffusing capacity. This impairment of membrane diffusion may be due in part to reduction in surface area available for diffusion by obliteration of part of the capillary bed, and, perhaps more important, to thickening of the alveolar-capillary membrane.
Increasing pulmonary vascular pressures and pulmonary vascular resistance are associated with diminution in the pulmonary capillary blood volume. Although these relationships could be explained by increasingly nonuniform distribution of capillary blood volume, it is equally likely that there is a true reduction in capillary blood volume as a result of either constriction or partial obliteration of the pulmonary capillary bed. This may be an important factor contributing to the elevation of pulmonary vascular resistance found in mitral valve disease.
